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Abstract 
This paper describes the methodology used to derive the economics of CO2 storage in coal with enhanced coalbed methane recovery. A 
significant difference between CO2 storage in coal seams and storage in saline aquifers is that the incrementally recovered natural gas 
constitutes an additional revenue stream. In the case of CO2 storage in coal it is necessary to distinguish between CBM (primary coalbed 
methane recovery), CO2-ECBM (enhanced coalbed methane recovery caused by and including the injection of CO2), and CO2 storage with 
incremental CBM recovery (Storage-ICBM) 
 
The methodology is demonstrated by means of a case study that evaluates the economics of carbon capture and storage with incremental CBM 
recovery (CCS-ICBM) at the Spring Gully CBM prospect in the Bowen Basin, QLD, Australia - Australia’s most productive CBM basin.  
Economic analyses of the Spring Gully development show that the specific cost of CO2-ECBM is A$37/t CO2 avoided (equivalent to US$31/t 
at an assumed long term exchange rate of A$1.00 = US$0.85) including capture costs. However, this incorporates the benefits of the underlying 
CBM project and therefore underestimates the cost of CCS-ICBM. The incremental cost of CCS-ICBM is A$92/t (US$78/t) excluding these 
benefits. The results demonstrate the importance of using an appropriate methodology to determine and present storage economics. If no 
distinction between CO2-ECBM and Storage-ICBM is made, the real costs of storage will for most cases be significantly underestimated and 
could potentially lead to poor investment decisions and the selection of economically unviable storage sites.  
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Carbon capture and storage (CCS) has been widely acknowledged to form part of global emissions mitigation strategies. 
While saline aquifers and depleted oil and gas fields are considered to be the most prospective storage sinks because of their 
theoretical capacities, unmineable coal reservoirs have also received considerable attention as geological sinks. Similarly to CO2-
EOR (enhanced oil recovery), one of the main advantages of CO2 storage in coal is that CO2 injection is generally associated 
with enhanced methane recovery and thus with an additional source of revenue. 
This paper describes a methodology that can be used to evaluate the economics of CO2 storage in coal with enhanced coalbed 
methane recovery. The methodology is demonstrated with a case study that analyses the economics of CCS/CO2 storage with 
incremental CBM recovery (CCS/Storage-ICBM) at the Spring Gully CBM prospect in the Bowen Basin, QLD, Australia. The 
Bowen Basin is Australia’s most productive CBM basin, containing areas of high permeability and gas content. The results of 
this study demonstrate the need for and the importance of an appropriate methodology to determine and present economics of 
CO2 storage in coal seams. This not only gives more realistic estimates of the actual costs of a specific storage project, but the 
use of a common methodology would also simplify the comparison of different storage options.  
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2. Methodology 
2.1. Definition of CBM, CO2-ECBM, and Storage-ICBM 
The largest difference between CO2 storage in coal seams and storage in saline reservoirs is the incremental gas recovery that 
constitutes an additional revenue stream over and above that yielded by primary production. It is necessary to distinguish 
between CBM (primary coalbed methane recovery), CO2-ECBM (enhanced coalbed methane recovery caused by and including 
the injection of CO2), and Storage-ICBM (which includes CO2 compression, transport and injection as well as the incremental 
methane produced). The economics of CO2-ECBM are the sum of the economics of Storage-ICBM and CBM. This is 
demonstrated in Figure 1a. This concept can be extended to include capture costs, so that CO2-ECBM becomes the sum of CBM, 
Storage-ICBM, and CO2 capture (Figure 1b). As a consequence, the difference between CO2-ECBM and CBM is Storage-ICBM, 
or CCS-ICBM - depending on whether or not capture costs are included.  
 
 
 
Figure 1: Illustration of the definition of Storage-ICBM, CCS-ICBM, and CO2-ECBM. a) Storage-ICBM is the increment to the CBM project, while CO2-ECBM 
is equivalent to the sum of both the Storage-ICBM and the CBM project. If CO2 capture is included in the analysis as in b), the CO2-ECBM project is the sum of 
CBM, Storage-ICBM and capture. 
 
These definitions imply that, while the methane that would be produced during primary recovery is also taken into account 
during CO2-ECBM, it is excluded in the economic analyses of Storage-ICBM or CCS-ICBM. For Storage-ICBM (or CCS-
ICBM) economics only the additional methane recovered during CO2-ECBM is included. As a consequence, reservoir simulation 
and economic analyses for both the primary recovery and the CO2 injection scenario have to be performed to determine 
incremental economics. This is the only way to establish whether the injection of CO2 into coal seams has economic merit or if it 
in fact decreases the overall profitability. For Storage-ICBM or CCS-ICBM to be financially sustainable, the NPV of CO2-
ECBM has to be higher than the NPV of CBM.  
 
2.2. Economics 
A schematic of an example CCS-ICBM system as it could apply to CO2-ECBM is shown in Figure 2. A natural gas fired 
power station is located at the site, fuelled by gas produced from the reservoir. The CO2 emissions generated during power 
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generation are captured and compressed for injection into the reservoir. The high pressure CO2 is transported to the individual 
injection sites via distribution lines. The gas produced from the reservoir is treated and compressed to meet inlet requirements 
before it is supplied to the power station.  Figure 2 represents a closed system that assumes all CO2 captured is supplied to the 
same storage project and all gas produced is supplied to the same power station from which the CO2 was captured. This is a 
simplifying assumption made to illustrate the methodology. In practice, the additional electricity produced might not be 
marketable and the CO2 captured might not be the optimum amount for storage. 
 
 
Figure 2: Schematic of an example carbon capture and storage project with incremental CBM recovery.  
 
The economics of CCS-ICBM include all costs and revenues incurred through the addition of CO2 capture and injection 
facilities to existing industry projects. This means the economics of CCS-ICBM are incremental economics. The sum of all 
incremental revenues (i.e. incremental gas sales) less the sum of all incremental costs yields the CCS-ICBM project’s net cash 
flow (NCF). The discounted NCF is the CCS-ICBM project’s net present value (NPV). The NPV divided by the present value of 
the CO2 avoided yields the specific cost of CO2 avoided, an indicator often used to measure the financial viability of a CCS 
project. It represents the amount of money required per tonne of CO2 avoided at which the NPV of the CCS project is zero. The 
cost of CO2 avoided is written as: 
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in which CO2 avoided is the difference between the CO2 emitted before CCS-ICBM is applied and the CO2 emitted after CCS-
ICBM is applied as demonstrated in Eq.(2).  
 
withCCSoCCSwavoided COCOCO ,2/,2,2 −=            (2) 
 
The CO2 emitted after CCS-ICBM is applied includes emissions generated during capture and storage as well as CO2 
emissions associated with incremental gas recovery. However, if the produced natural gas is used to fuel a power station with 
capture, the emissions from burning the incrementally produced methane are accounted for in the power station emissions. This 
is based on the simplifying assumption that without the incrementally produced gas, gas would be supplied from somewhere else 
to meet power station demand.  
 
2.3. Reservoir Simulation 
The Spring Gully prospect is located in the southern part of the Bowen Basin in Queensland, approximately 80 km northeast 
of Roma (Figure 3). Based on its reservoir properties and its proximity to major CO2 emission sources, the Bowen Basin is 
considered to be one of the most prospective basins for CO2-ECBM in the world [1] and the highest potential basin in Australia 
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[2]. The Bowen Basin comprises an area of over 50,000 km2 and has an estimated theoretical CO2 coal storage capacity of 210 
BCF (≈ 5,950 Mm3) [1]. The target coals for CBM are of Late Permian age and belong to the Bandanna Formation. The Spring 
Gully licence area lies in the southern end of the Comet Ridge, a major fairway in the Bowen Basin with high gas content and 
high permeability bituminous coals. Gas is produced from 3 coal seams with an average aggregate thickness ranging from 5 – 8 
m buried at a depth of 700 – 800 m (depth to coal) [3]. 
 
 
 
Figure 3: Spring Gully location in the Bowen Basin, Queensland (map from Origin Energy [4]).  
 
Injection and production rates are forecasted using CSIRO’s SIMEDWin, a compositional reservoir simulator [5] with the 
capability to model two-phase (water and gas), multi-component (several gas species) flow in a dual or single porosity system. 
Furthermore, SIMEDWin incorporates coal shrinkage and swelling using the Shi-Durucan model [6]. Reservoir processes during 
CBM and CO2-ECBM are described in detail in a review by White et al [7]. 
A complete list of the reservoir properties used in the simulation of Spring Gully is presented in Table 1. The production wells 
used in the simulation are vertical, fractured wells on a 1 km2 spacing [8]. For the CO2 injection scenario, one infill well per 
production well is used, so that the producer/injector ratio is 1:1. The injection wells are not fractured as the reservoir 
permeability did not impose a problem for the designated injection rate (as demonstrated in Figure 5). The grid of the reservoir 
model is presented in Figure 4.  
 
 
Figure 4: Ariel view of the reservoir grid. The grid uses 20 x 20 x 1 blocks to describe a volume of 500m x 500m x 6.5m, which represents a quarter of the well 
drainage area.  The producer well is located in the bottom left corner of the grid and is defined as a quarter well. An injection well is placed in the top right 
corner, which is shut-in during primary recovery.  
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Table 1: Reservoir properties used for the reservoir simulation of Spring Gully. 
Reservoir Property Value Reference 
Depth to coal, D 800 m 
Origin [8], Well reports [9] Net seam thickness, d 6.5 m 
Initial gas content, Gc 15 m
3/t daf2, 12.75 m3/t as received 
Permeability, k 250 mD Origin [3], History matching 
Reservoir pressure, PRes 80 bar (8,000 kPa) Well reports [9-11] 
Reservoir temperature 45°C 
Langmuir volume, VL,CH4 23.5 m
3/t as received 
Hunter & Bowen Basin [13]  
Langmuir pressure, PL,CH4 2,030 kPa 
Desorption time, tCH4 1 day Well Reports [9, 10, 12]  
Langmuir volume, VL,CO2  44.1 m
3/t 
Hunter & Bowen Basin [13]  
Langmuir pressure, PL,CO2  1,580 kPa 
Desorption time, tCO2  0.5 days Assumption based on tCH4 
Max. strain, εCH4 0.009 Illinois Basin [14]  
Max. strain, εCO2  0.017 (based on εCH4) 
Matrix compressibility, cm 3 x 10
-7 kPa-1 Illinois Basin [15]  
Cleat compressibility,cf 8.72 x 10-5 kPa-1 
San Juan Basin [16]  Young’s modulus, E 2.0 GPa 
Poisson's ratio, ν 0.39 
Porosity, φ 2.0% San Juan Basin [17]  
Coal density, ρCoal 1,400 t/m
3 assumed 
Gas composition 100% CH4 Simplification 
 
 
The CO2 injection rate is set at 21,807 m
3/d per well. This is based on a field of 100 production wells for primary recovery 
and 100 infill wells for CO2 injection. The total annual CO2 injected (100 x 21,807 m
3/d) is equivalent to the quantity of CO2 
estimated to be captured from a 500 MW NGCC (Natural Gas Combined Cycle Power Station), which is 1.46 Mt/year. This 
power station size is selected because its operation would be feasible with the considerable gas reserves in place at Spring Gully 
and its surrounding licence areas.  
CO2 injection commences 31 days after primary recovery has started. This is to allow some dewatering and thus 
depressurisation of the seam before CO2 is injected. The resulting production rates are presented in Figure 5. The injection of 
CO2 into the coal seam causes a 46% increase in peak methane rate over the primary recovery scenario. Furthermore, cumulative 
gas recovery is notably accelerated. The produced gas is 100% methane until after about 5,000 days (~ 14 years) reproduced CO2 
first appears at the production well.  
 
 
 
Figure 5: Predicted rates for primary gas recovery (red curve) and the CO2 injection scenario.   
 
2
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2.4. Case Specific Assumptions 
The economics of CCS-ICBM at Spring Gully are based on a CCS-ICBM system as presented in Figure 2. The key 
assumptions relating to CO2 capture and injection design are summarised in Table 2. The economic assumptions used in the 
analysis are summarised in Table 3. 
In this study it is assumed that CO2 is injected into the Spring Gully coal seam at a rate of 21,807 m
3/d/well. This rate is based 
on the annual CO2 captured. It does not necessarily represent the injection rate that yields the highest NPV. For example, with 
respect to Storage-ICBM it could be more profitable to inject more CO2 (i.e. for the same number of wells inject CO2 at a higher 
rate) than available from the 500 MW NGCC. A higher injection rate would accelerate recovery even more. However, such an 
analysis is not within the scope of the paper. 
Furthermore, it is assumed that a market exists for the incremental gas produced, i.e. all gas can be sold. In practice, this may 
not be the case and the production rate would need to be lowered not to exceed the demand. The effects of this are not discussed 
in this paper. 
 
Table 2: Assumptions for CO2 capture and CO2 injection design at Spring Gully.  
Item Value 
Power station type NGCC 
Power station size 500 MW 
Capture Technology Absorption/KS-1 
CO2 emitted power station 1.39 Mt/yr 
CO2 emitted with capture 0.16 Mt/yr 
CO2 avoided in capture 1.23 Mt/yr 
CO2 captured 1.46 Mt/yr 
CO2 injection rate ~22,000 m
3/d/well 
Production well number (CBM) 100 
Injection well number (Storage) 100 
Distance Power Station – Injection sit 0 km (on-site) 
 
Table 3: Economic assumptions for CCS/Storage-ICBM at Spring Gully.  
Item Value Reference 
Cost Year 2009  
Real Discount Rate 7% CO2CRC [18]  
Project Life CCS-ICBM 
 
Maximum 25 years or until CO2 
breakthrough > 7% 
CO2CRC [18]  
 
Construction period capture 2 years CO2CRC [18] 
Construction period storage 1 year  
Fees & Owners Cost 7% of EPC CO2CRC [18] 
Contingency 10% of direct and indirect costs CO2CRC [18] 
Abandonment Costs – Storage only 25% of Capital Cost CO2CRC [18] 
Gas Price A$ 4.20/GJ CO2CRC [18] 
CO2 Cost Capture costs (A$97.92/t CO2 avoided) Ho [19]  
Producer well + pump (800 m vertical) 0.42 A$M/well Modified Leamon [20] 
Injection well (800 m vertical) 0.30 A$M/well Modified Leamon [20] 
Hydraulic fracture for producer well 0.2 A$M/well Leamon [20] 
Opex Wells 4% of Capex  
Capex Compression  A$M 1.6/MW CO2CRC [18] 
Opex Compression  A$ 74.00/MWh Ho [19]  
Capex Flowlines + Water Disposal A$M 0.19/well Leamon [20] 
Opex Flowlines 1% of Capex  
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3. Results 
The results of the economic analysis of the Spring Gully development are summarised in Table 4. The imposed maximum 
CO2 breakthrough concentration of 7% results in an abbreviated CCS-ICBM project life of 17 years (rather than the standard 
CCS life of 25 years). Primary recovery, however, continues for 51 years after which the annual net cash flow turns negative. 
While the injection of CO2 increases cumulative methane recovery from 8,775 Mm
3 to 10,620 Mm3, it shortens the project life by 
34 years. The total CO2 injected over the 17 years is 24.7 Mt. The whole project avoids approximately 20 Mt of CO2.  
 
Table 4: Results for CO2-ECBM as defined in Figure 1a (incl. Storage-ICBM), CO2-ECBM as defined in Figure 1b (incl. CCS-ICBM), as well as Storage-ICBM 
and CCS-ICBM at Spring Gully. 
   
Figure 1b 
(incl. CCS)  
Figure 1a 
(incl. storage)  
Item Units
3
 CBM CO2-ECBM 
CCS-
ICBM CO2-ECBM 
Storage-
ICBM 
Project life years 51 17 17 17 17 
CO2 injected Mt n/a 24.7 24.7 24.7 24.7 
Reserves/recovered CH4 Mm
3 8,775 10,620 1,845 10,620 1,845 
Revenue (Gas sales) A$M 1,437 1,740 302 1,740 302 
Costs A$M 388 2,151 1,763 633 245 
Capture A$M n/a 1,518 1,518 n/a n/a 
Transport A$M n.a n/a n/a n/a n/a 
Storage A$M n/a 245 245 245 245 
CBM A$M 388 388 n/a 388 n/a 
Net Cash Flow A$M 1,050 -411 -1,461 1,107 58 
NPV A$M 552 -370 -922 611 58 
CO2 emitted w/o CCS Mt 2.12 23.58 n/a 23.58 n/a 
CO2 emitted w/ CCS Mt 2.12 3.64 3.64 3.64 3.64 
CO2 avoided Mt n/a 19.94 19.94 19.94 19.94 
NPV CO2 avoided Mt n/a 10.01 10.01 10.01 10.01 
Specific Cost CO2 avoided A$/t  36.9 92.1 -61.0 -5.8 
 
 
Economic analysis of the Spring Gully development shows that the specific cost of CO2-ECBM is just under A$37/t 
(equivalent to approximately US$31/t at an assumed long term exchange rate of A$1.00 = US$0.85) including capture costs. 
However, this incorporates the benefits of the underlying CBM project (A$M1,050 on an undiscounted basis). Therefore it 
overestimates the NPV and underestimates the true cost. The true incremental cost of CCS-ICBM is A$92/t (US$78/t) excluding 
the benefit from the CBM project.   
Similarly, the specific cost of CO2-ECBM is A$-61/t (US$-52/t) with Storage-ICBM alone (that is, excluding capture costs, or 
assuming that the CO2 supplied to the storage operation is free-of-charge). In other words, CO2-ECBM is demonstrably 
profitable. However, omitting the benefits of the underlying CBM project makes the true incremental cost of Storage-ICBM A$-
6/t (US$-5.0/t).  While this still implies that the storage component makes the CCS-ICBM project cheaper rather than adding 
costs, the benefits are considerably lower than they originally appear for CO2-ECBM.  
Although this is not shown in Table 4, an analysis of the breakeven gas price (the methane price at which the NPV becomes 
zero) leads to similar conclusions. The breakeven gas price for the CO2-ECBM project including capture costs is A$5.6/GJ 
(US$5.0/GJ). However, the breakeven gas price for the CCS-ICBM project is significantly higher at A$18.6/GJ (US$15.8/GJ). 
This means that while the economic analysis of the CO2-ECBM project indicates potential financial viability, the CCS-ICBM 
project would be clearly unviable unless Australian gas prices rise considerably.  
 
 
3 A$M means million Australian dollars 
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4. Summary and Conclusions 
This paper demonstrates that an appropriate methodology is necessary to assess the real costs of CO2 storage in coal seams. In 
the case of Spring Gully, the costs of CO2 avoided are underestimated by A$55/t if no distinction between CO2-ECBM and 
Storage-ICBM is made. In most cases, analysis of the economics of CO2-ECBM only will result in significant underestimates of 
storage costs. This could potentially lead to poor investment decisions as well as to selection of financially unsuitable storage 
solutions.  
The application of a common methodology is of high importance to enable assessment of alternative coal storage sites. It is 
not possible to compare economics that have been derived on a total basis (i.e. CO2-ECBM) with economics derived on an 
incremental basis (i.e. CCS-ICBM or Storage-ICBM). 
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